Simultaneous planar laser-induced fluorescence (PLIF) and particle image velocimetry (PIV) yield measurements of two-dimensional jet fluid concentration and velocity fields, both the mean and fluctuating terms, in turbulent crossflowing jets. The jet-to-crossflow velocity ratio is r = 5.7 and the jet exit Reynolds number is approximately 5000. The measurements concern the developing region of the flow. Two flow configurations are studied, one in which the jet nozzle is flush with the tunnel wall and the other where the nozzle protrudes into the uniform region of the tunnel flow. The jet nozzle in both cases is a simple pipe. Previous work focused on the averaged scalar and velocity fields. Here, we discuss the resolution issues bearing on the determination of small scale fluctuations, and present results for the averaged scalar variance, C 2 , the scalar flux components, u i C , the turbulent normal stresses, u 2 and v 2 , and the turbulent shear stress, u v . These results should prove particularly useful for assessment of crossflowing jet simulation efforts. The range of length scales spanned by the measurements also makes possible direct assessment of models and model assumptions used for scalar transport and mixing in largeeddy simulation (LES). Sample results demonstrate the use of the present data in these LES model assessments.
I. Introduction.
The crossflowing turbulent jet, in which a jet is injected into a perpendicular fluid stream, is of considerable practical significance in engineering systems, inclucing combustion applications such as aerospace propulsion and gas-burning power generation. However, the body of research devoted to mixing in the crossflowing jet is small. Among other issues, the complicated vortical structure of the crossflowing jet 1 makes theoretical treatment difficult. Modeling efforts have been reported by various authors. [2] [3] [4] [5] A common problem is the difficulty in modeling the near field of the flow. Experimental evidence also suggests that the flow is very sensitive to the ratio of jet velocity to crossflow velocity, which constrains efforts to make general conclusions about the flow configuration.
A schematic of the characteristic vortical structures of the crossflowing jet is given in Fig. 1 . Shown are the horseshoe vortices that form at the upstream side of the jet exit, the jet shear layer instability on the jet windward surface, the wake vortices, and the counter-rotating vortex pair (CVP). The CVP becomes the dominant structural feature of the crossflowing jet as the flow develops, and is responsible for much of the difficulty in modeling the flow.
The present measurements are intended to provide a comprehensive view of the velocity and conserved scalar fields in the developing region of the flow. A previous paper 6 dealt primarily with the flow development in terms of the mean scalar and velocity fields. In this paper, we will focus on the fields of fluctuating quantities, including the scalar variance, C 2 , the scalar flux components, u i C , the turbulent normal stresses, u 2 and v 2 , and the turbulent shear stress, u v . All measurements are made at a single jet-to-crossflow velocity ratio (r = 5.7). Velocity ratios of around 5 are of particular interest in aerospace propulsion applications. The effect of the crossflow velocity profile is considered by placing the jet exit nozzle both flush with the wind tunnel wall, and also outside the crossflow boundary layer. By performing the planar measurements in the center plane (i.e. the jet symmetry plane) and at various positions off the center plane, we are able to evaluate the three-dimensionality of the flow. These results are also of direct interest to ongoing efforts to compute mixing and combustion in the crossflowing jet.
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These measurements span, instantaneously, from the small scales of the mixing and velocity fields nearly to the full jet width. This makes the data ideally suited for assessment of subgrid-scale (SGS) models for large-eddy simulation (LES), since the relationships between flow scales can be evaluated for a wide range of such scales. This paper will demonstrate two methods whereby the data are used to assess SGS scalar transport and mixing models. In the first method, known as a priori testing, the spatially resolved experimental measurements are first filtered to simulate LES data, then SGS models for quantities such as scalar flux or dissipation are applied; the results from the SGS models are then compared with the actual small-scale flux or dissipation values detemined directly from the measurements. The second method entails the direct assessment of the assumptions used in constructing the SGS models. Here we present sample results for both of these methods (Sun & Su 9 provide a more complete discussion of LES model assessments using these data).
II. Experimental conditions.
These experiments are performed in an updraft wind tunnel with air as both jet fluid and crossflow fluid. The maximum crossflow velocity in the tunnel is v ∞ = 2.95 m/s. The jet nozzle is a simple pipe with 6.35 mm outer diameter, inner diameter d = 4.53 mm, and length 320 mm. The average (bulk) jet velocity based on volumetric flow rate is 16.9 m/s, giving a velocity ratio of 5.7 and a jet exit Reynolds number of 5000.
Particle image velocimetry (PIV) is used to measure the velocity fields while planar laser-induced fluorescence (PLIF) is used for the scalar field measurements. To provide the Mie scattering signal for PIV, the jet flow is seeded with submicron aluminum oxide particles, while the crossflow is seeded with a glycerol-water fog. A single, dual cavity Nd:YAG laser (Spectra-Physics PIV-400) is used to produce two 532 nm laser sheet pulses in quick succession. The time delay between pulses is as short as 8 µs. The resulting scattering signal is collected by an interline transfer CCD camera (Kodak Megaplus ES 1.0, 1k×1k pixel resolution). The frame transfer capability of this camera allows each of the two closely spaced laser sheet pulses to be captured in a separate image. This permits the use of a cross-correlation PIV algorithm, 10 which eliminates directional ambiguity and yields improved resolution over single-image autocorrelation techniques. The algorithm used here also incorporates iterative interrogation window offset to increase vector yield.
For PLIF, acetone is seeded into the jet fluid stream, to approximately 10% by volume. To excite the fluorescence signal, a 308 nm XeCl excimer laser (Lambda-Physik EMG 203MSC) is used. The PLIF signal is captured by a thermoelectrically-cooled, slow-scan CCD camera (Photometrics AT200), with 512 × 512 pixel resolution. BG-25 bandpass filters isolate the PLIF signal (which peaks in the range 400 − 500 nm) from the much brighter Mie scattering signal at 532 nm. y/rd 0.
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(b) Prior to entering the measurement area, the laser beams are passed through a focusing spherical lens, a diverging cylindrical lens to form the sheets, and a converging cylindrical lens to control the sheet spreading angle. The centers of the two sheets are separated by no more than 50 µm throughout the measurement area, where the thickness of the 532 nm sheet varies from approximately 300 to 800 µm, and the thickness of the 308 nm sheet ranges from 500 to 1000 µm.
In analyzing the scaling properties of the crossflowing jet, the flow may be divided into three regimes. In the near field, for sufficiently large velocity ratio r, the jet momentum dominates and the flow can be expected to approximate a pure jet. The flow then bends through an intermediate region until, in the far field, memory of the initial conditions will be lost and the flow is expected to resemble a wake. The planar measurement area in these experiments extends from the jet exit; prior work 6 indicates that the measurement area encompasses the onset of the region in which the velocity field exhibits wake-like scaling properties. To permit assesment of the effect of the crossflow boundary layer on the flow development, two jet nozzle positions are considered, the first in which the nozzle exit is flush with the wind tunnel wall, and the second in which the nozzle protrudes 100 mm into the crossflow. The 80% point of the boundary layer profile lies 6 mm from the wind tunnel wall, so in this protruding nozzle case the jet is well outside of the crossflow boundary layer. To evaluate the three-dimensionality of the flow, the planar measurements are taken in the jet center plane, and in planes located at 0.22, 0.45, 0.67, 0.89, and 1.11 rd off of the center plane. It has been shown 11 that flow trajectories, jet widths etc. for different r values are in good agreement when distances are normalized by rd.
A sample PLIF image, taken in the center plane with the protruding nozzle, is shown in Fig. 2a . As shown in Fig. 1 , x is the initial jet direction, y is the crossflow direction, and z is the out-of-plane direction. The PLIF imaging window spans roughly 3.5 rd per side, and is identical for all of the measurements. The PIV processing inherently compromises spatial resolution (yielding here a final vector resolution of 100 x 100 pixels from the original 1k × 1k Mie scattering images), so in order that the processed PIV results resolve fluctuations in the velocity field, the full PLIF imaging region is tiled by eight smaller PIV imaging windows, indicated by the dashed boxes in Fig. 2a . For the particular scalar field shown in the figure, the simultaneous PIV field is given in Fig. 2b , and corresponds to the solid box (subwindow number 5) in 2a.
III. Results.
Turbulence quantities involving the fluctuating velocity and scalar field terms are available due to the high resolution of the present data. In particular, the simultaneous nature of the measurements permits the scalar flux components, u C and v C , to be determined. These represent unresolved terms in the Reynolds-averaged scalar transport equation, and correspond to subgrid production terms in LES-filtered scalar transport. From the evidence of previous computations, these scalar flux terms are very difficult to simulate accurately.
12 This section also presents results for the scalar variance, C 2 , and the u 2 , v 2 and u v components of the turbulent stress tensor. Table 1 . Outer scale parameters and resolution estimates. The estimated finest length scales in the velocity and scalar fields are given by λν and λD, respectively. The grid resolution of the scalar field images is ∆xC, and the grid resolution of the velocity fields is given by ∆xu.
A. Resolution estimates.
The accuracy of the measured fluctuation quantities is dependent upon the resolution of the data. Following Su & Clemens, 13 we define λ ν , the characteristic full width of a structure in the kinetic energy dissipation rate field, as
Here δ is a measure of the local mean flow width, and the local outer scale Reynolds number, Re δ , is defined in terms of δ and a velocity U quantifying the mean shear. Defining the flow width δ as the distance between the 20% points of the velocity magnitude profile, a suggested value for the proportionality constant is Λ ≈ 15. 13 For the scalar mixing, the characteristic full width of a structure in the scalar energy dissipation rate field is given by
where the Schmidt number, Sc, for this flow system is 1.49. To determine λ ν and λ D for various downstream positions in the present data, we estimate δ and U using prior results for the mean flow field evolution.
6, 14 These outer scale parameters, and the resulting outer scale Reynolds number Re δ , are given in Table 1 for s/rd = 1, 2, 3 and 3.5. (The quantity s is a downstream coordinate defined by local maxima in the averaged velocity magnitude field.) Table 1 also presents the resolution estimates determined from (1) and (2).
For s/rd = 1, the flow still follows the initial trajectory, so the relevant U is the maximum mean velocity magnitude. For s/rd = 2, 3 and 3.5, the flow begins to exhibit wake-like properties, so the proper U is the maximum mean crossflow-subtracted velocity magnitude. The resulting length scale estimates λ ν and λ D are found from (1) and (2) using Λ = 15. The grid spacing in the scalar field data is ∆x C = 175.1 µm, which resolves λ D at all positions shown, with Nyquist resolution except at s/rd = 1. The grid spacing in the velocity fields, ∆x u , slightly exceeds λ ν at s/rd = 1, but easily resolves λ ν for the remaining positions. (∆x u varies because of the different sizes of the PIV imaging windows, shown in Fig. 2.) B. Scalar variance. Figure 3 shows the averaged scalar variance fields, C 2 , for the flush nozzle case, in the center plane and the z = 0.22 rd plane. The fields show local maxima both on the jet outer boundary and in the jet wake region. This bifurcated structure is familiar from mixing in canonical shear flows, such as mixing layers or jets, with the peak variances being associated with steep gradients in the mean scalar fields. A more quantitative view is available by considering profiles of C 2 . Figure 4 presents x-and y-profiles of C 2 in the z = 0 plane for both the flush and protruding nozzle cases. In the jet near-field, at x = 0.1 rd and x = 0.5 rd, the profiles are approximately symmetric about the centerline, and the discrepancy between the two nozzle configurations is small. Just outside of the potential core, at x = 1.0 rd, the bifurcated structure of the variance profile is distinctly asymmetric, with the windward peak being much stronger than the wake-side peak; additionally, the variances are noticeably higher for the flush nozzle than for the protruding nozzle configuration. These trends persist as the jet turns in the crossflow direction, as seen in the x = 1.5 rd, y = 0.5 rd and y = 1.0 rd profiles. Both the profile asymmetry and the discrepancy between nozzle configurations are most significant at y = 0.5 rd. By y = 1.5 rd, the two nozzle configurations show similar profile magnitudes, while at 1.
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3. y = 2.5 rd, the variance profiles are again nearly symmetric, with symmetry axes to the wake side of the center streamline. The variance profiles in the off-center planes suggest, however, that the asymptotic downstream state of the scalar variance is not characterized by symmetry between the windward and wake sides of the flow. Figure 5 shows the profiles of C 2 in the z = 0.22 rd plane. In this plane, the variance profiles observe similar trends to those seen in the z = 0 plane, except that the wake-side variance peak is larger than the windward-side peak at large y values. This can be seen in the y = 2.5 rd profile in the z = 0.22 rd plane. This implies that as the flow moves downstream, there is more pronounced mixing between jet and ambient fluid on the wake side of the flow than on the windward side, possibly due to the persistence of the coherent vortical structures in the wake region. 15 This asymmetry in the variance profiles is inconsistent with the assumption of wake-like asymptotic similarity in the mixing field; prior analysis of the data 6, 14 has shown that the scalar field, unlike the velocity field, fails to observe wake scaling with increasing downstream distance.
C. Turbulent scalar flux profiles.
The turbulent scalar flux terms, u i C , appear in the Reynolds-averaged scalar transport equation (here in non-dimensional form): where Re is the Reynolds number formed from the length and velocity scales used for normalization, and Sc is the Schmidt number. The u i C terms are unresolved in a RANS simulation, and must be modeled to close (3) . (In the context of large-eddy simulation, where quantities are decomposed into filtered (denoted by ( )) and subgrid (denoted by ( ) ) parts, the divergence of the corresponding filtered LES scalar flux vector, u i C , appears in the production term for the filtered scalar field, C. In LES of mixing, these scalar fluxes are also unresolved and are thus entrusted to subgrid models.) Figure 6 shows profiles of the scalar flux components u C and v C , in the center plane for the flush nozzle case. The profiles for the protruding nozzle configuration are qualitatively similar and are not shown. The profiles indicate that u C and v C are negatively correlated throughout the measurement area. Beyond the potential core, on the windward side of the jet, u C is positive, with the peak positive value occuring slightly to the outside of the jet center streamline, and v C is negative. On the lee side, u C < 0 and v C > 0. The location at which the signs of these terms change lies slightly to the wake side of the center streamline. The profiles for the flush and protruding nozzle cases differ in that the peak values of u i C are slightly higher for the flush case, in the near field. Toward the downstream side of the measurement area (specifically, y ≥ 1.0 rd), the magnitudes of u i C are similar for both nozzle configurations.
The form of the v C profile, in particular, seems counterintuitive. A simple interpretation of this term might hold that since the crossflowing jet imposes a deficit velocity in the y-direction, fluid elements The present data are consistent with the heat flux profiles reported by Andreopoulos, 16 in showing a negative correlation between u C and v C , although that earlier study does not show sign changes in the profiles. Instead, the u i C profiles of Andreopoulos resemble the portion of the profiles of Fig. 6 for the outer part of the jet, with u C > 0 and v C < 0. The data of Andreopoulos are for a jet with nozzle exit flush with a wall, and with very low velocity ratio, r = 0.5; with that configuration, the lee side of the jet impinges on the wall. The r = 0.5 jet thus has no free inner (lee-side) boundary, which explains why the u i C profiles for the r = 0.5 flow agree only with the windward portion of the profiles for the r = 5.7 flow.
In the large-eddy simulations by Yuan 17 of r = 3.3 scalar mixing, in which the jet nozzle exit is also flush with a wall, the profiles of mean scalar concentration show that the jet stands clear of the wall, with a distinct inner boundary in the mixing field. Accordingly, the u C profiles show sign changes similar to those for the present r = 5.7 jet. The work of both Andreopoulos 16 and Yuan 17 suggests that the transitional value of r, above which the jet inner boundary is free of the wall and the u i C profiles resemble those of Fig. 6 , is between 1.0 and 2.0.
It is also instructive to compare the magnitudes of the u C and v C profiles in Fig. 6 . The u C component consistently has a higher magnitude than the v C component, suggesting that in the center plane, turbulent scalar transport in the cross-stream direction is more significant than transport in the streamwise direction. Also, the highest magnitudes of u C are on the outer portion of the jet, indicative of stronger turbulent scalar transport on the windward side, though the discrepancy between | u C | on the windward and wake sides of the jet weakens with increasing downstream distance. This is consistent with the C 2 results of §B, which showed higher scalar variance values on the windward side in the center plane, with the values on the windward and wake sides approaching equality at the downstream limit of the imaging region. u C in the off-center planes reflected the probability that fluid parcels with excess velocity in the initial jet momentum direction would also have excess jet fluid concentration.
This interpretation can be cast in terms of the large-scale organization of the velocity field. At the edges of jet in the z-direction, the x-component of the crossflow fluid velocity relative to the jet fluid velocity is negative, as the crossflow fluid is diverted around the jet into the wake region (this also agrees with the sense of rotation of the counter-rotating vortex pair). Then u < 0 correlates with C < 0 (crossflow fluid), so u C > 0. This picture is also consistent with the explanation given above of the negative values of u C observed on the wake side of the flow in the center plane, and in the z = 0.22 rd plane for y ≥ 1.5 rd. The CVP is associated with positive x-component of velocity on the wake side in the center plane, but those fluid parcels with u > 0 carry crossflow fluid (C < 0) into the jet, giving u C < 0. Figure 8 shows profiles of the in-plane turbulent normal stress components (equivalently, components of the turbulent kinetic energy), u 2 and v 2 , and the turbulent shear stress, u v , for the center plane for the flush nozzle case. (Again, the profiles for the protruding nozzle case are qualitatively similar and are not shown.) The results for the flush and protruding nozzle positions are very similar, the primary difference being the slightly smaller magnitudes for the protruding nozzle case, so the conclusions drawn here are general to both nozzle configurations.
D. Turbulent stresses.
Near the jet exit (at x = 0.1 rd), the averaged normal stress components u 2 and v 2 show peaks on both the windward and wake sides of the jet. These reflect the dominance of the jet shear layer instability in the near field. The stress component in the jet initial momentum direction, u 2 , has higher magnitude than v 2 in the near field, which was also noted in the LES of Yuan et al.; 18 those authors attributed the reduced v 2 to suppression by strong pressure gradients in the y-direction. At x = 1.0 rd, approximately the end of the potential core, the roll-up structures in the shear layer have met, giving single peaks in the u 2 and v 2 profiles. The peak values of u 2 and v 2 are then comparable, though the maximum u 2 occurs just to the windward side of the center streamline, and the maximum v 2 lies to the wake side. This slight misalignment of the maximum u 2 and v 2 persists througout the measurement region. Yuan et al. 18 found that sufficiently far downstream, the u 2 profile once again takes on a bimodal shape, as turbulence generated by shear between the jet and crossflow fluid produces a local peak in the wake region. This was not observed in the present measurements, which is likely due to insufficient downstream extent of the measurement area.
The turbulent shear stress, u v , in the near field of the jet takes on high negative values on the windward side, and high positive values on the wake side. These stresses also result from the jet shear layer instability. As the flow evolves, the dominant mechanism for generation of u v becomes shear between the jet and crossflow fluid. At y = 1.0 rd, regions of negative u v begin to dominate, slightly to the wake side of the The turbulent stress profiles in the z = 0.22 rd plane (Fig. 9 ) largely reproduce the trends from the center plane, outside of the near field. A significant difference between the profiles in the center and off-center planes is that the profile peaks for z = 0.22 rd are noticeably shifted toward the wake region. The structure of the turbulent stresses thus shows evidence of the characteristic kidney-like structure, depicted in Fig. 1 ; the mean scalar fields also exhibited this kidney-like structure, but the velocity magnitude fields did not.
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E. LES model assessments.
From Fig. 2a , it is clear that individual PIV measurement windows span nearly the full flow width, while Table 1 demonstrates that, on the downstream side of the imaging region, both the scalar and velocity field measurements resolve the fine scales of the flow. We can exploit these properties of the data in assessments of LES scalar mixing and transport models.
A quantity that is significant in LES of non-premixed combustion is the subgrid scalar dissipation rate, defined as
where the overbar ( ) denotes LES filtering, D is the scalar diffusivity, and C is a conserved scalar quantity.
In an LES, only C and its derivatives can be determined directly, so χ must be modeled. Among the SGS models proposed for χ in the literature are a gradient-based model by Pierce and Moin:
where α s is a proportionality constant determined using the dynamic procedure, 21 ∆ is the LES filter width, and S ij is the strain rate tensor. This model derives from the assumption that the production and dissipation of scalar variance are in balance, together with eddy diffusivity ideas. A second model is proposed by Jimènez et al.: where α χ is a proportionality constant taken to be 1/Sc. Neither the SGS kinetic energy, k, nor the filtered kinetic energy dissipation rate, , can be computed explicitly, so Jimènez et al. 22 recommend that these terms be modeled as
with α τ and α I both being determined using the dynamic procedure. This model assumes that characteristic time scales in the velocity and scalar fields are proportional. Finally, Chumakov et al. 23 propose a so-called dynamic structure model for the dissipation:
where ( ) denotes test filtering, i.e. an additional LES filter applied to the original LES data. This dynamic structure model assumes that the dissipation is scale similar, and that the structure of the dissipation field is well-represented by the Leonard-type parenthetic term in (8) .
Sample results from a priori testing of these χ models are shown in Fig. 10 , which presents scatterplots of the modeled χ values versus the χ values determined directly from the experimental data. The modeled values are found from the mock LES fields resulting from LES filtering of the experimental data. The experimental data are from PIV window 8 in Fig. 2 ; the scalar field data is mapped onto the PIV vector grid, which has spacing ∆x u = 420 µm. For the results in the figure, the LES filter size is ∆ = 8 ∆x u and the test filter size is ∆ = 2 ∆. The Jimènez model evidently gives a superior correlation of modeled and measured χ values for these filtering parameters. More extensive analyses 9 show that the superior performance of the Jimènez model holds both for measures of correlation and of absolute error, and is maintained for a range of LES filter sizes. It is possible to apply the present measurements to test not only the performance of the actual SGS models, but also to test their fundamental assumptions. For example, the Jimènez model (6) assumes that the mechanical and scalar time scales, defined as
respectively, are proportional. Jimènez et al. 22 recommend a value t/t C = 1/Sc. Figure 11 presents mean profiles of t/t C along the x-direction for different LES filter sizes. It is evident that the time scale ratio changes in magnitude with different filter sizes, but that its profile retains the same shape. It can also be seen that the time scale ratio is not constant, and deviates from the recommended value 1/Sc by as much as 50%. There is, however, a region of the flow where t/t C is within 25% of 1/Sc. This region, between x ≈ 0.05 m and 0.075 m, accounts for approximately 60% of the data domain. The approximation t/t C ≈ 1/Sc thus appears to be acceptable for a majority of the spatial region.
The sample results in this section give an indication of the flexibility of the present experimental data in assessments of SGS scalar models. In light of the presumed generality of small turbulent scales, the results are applicable not only to the crossflowing jet configuration, but to general turbulent shear flows as well. In combustion applications, chemical reactions depend on small-scale molecular mixing, which in LES is represented almost entirely by SGS models. It is therefore essential that those SGS scalar models have high a priori accuracy. Experimental data that simultaneously resolve wide length scale ranges in the velocity and scalar fields are especially well suited for SGS scalar model assessments.
IV. Conclusions.
Simultaneous, planar measurements of scalar mixing and two-dimensional velocity fields with high spatial resolution have permitted the detailed study of turbulence quantities in the developing region of turbulent crossflowing jets with velocity ratio r = 5.7. Measurements in off-center planes, in addition to the symmetry plane of the flow, give a direct view of the complex three-dimensional nature of the flow.
Profiles of the scalar variance, the x-and y-components of the turbulent scalar flux, and the in-plane turbulent stresses were presented in the jet center plane and the z = 0.22 rd plane. The results show that the intensity of the mixing, as quantified by the scalar variance and the magnitude of the turbulent scalar fluxes, is initially higher on the jet windward side, but eventually becomes higher on the wake side. The scalar flux results also indicate that cross-stream turbulent transport is more significant the streamwise transport, particularly in the near field of the flow. Meanwhile, no qualitative differences were seen between the two nozzle configurations studied, suggesting that the presence of the wall in the flush nozzle configuration does not have a significant effect on the flow development, for the present velocity ratio r = 5.7.
The results of this paper should find particular application in the assessment of simulations of crossflowing jet mixing. The disparate scaling properties of scalar and velocity fields seen in prior work 6, 14 illustrate the inadequacy of treating the mixing problem as a direct analogue of the flow field. The profiles presented here of the turbulent scalar fluxes, for example, will be of direct use in evaluating the accuracy of scalar mixing models used in simulations. Sample results from assessments of SGS scalar models also indicate the value of this type of experimental data to progress in LES of mixing and combustion.
